Well doublet ground-source heating and cooling systems are rapidly becoming a popular alternative to conventional heating and cooling systems in the UK, principally due to the substantial reduction in carbon emissions which can be achieved. The sustainability of such systems, and their expected lifetime, is largely governed by the fate of the waste heat following re-injection into the aquifer. Numerical modelling using the reactive transport model SHEMAT (Simulator for HEat and MAss Transport), has been undertaken to determine the feasibility of a groundwater based cooling scheme to remove heat generated by a UK laboratory. The proposed scheme involves the use of groundwater, pumped from a single abstraction borehole drilled into a sandstone aquifer, to feed a heat exchanger cooling system with re-injection back into the aquifer via three injection boreholes. A series of simulations have been undertaken to determine the optimum configuration of the abstraction and recharge boreholes in order to minimise the effects on the aquifer. To prolong the thermal breakthrough time at the abstraction well, it is concluded that the abstraction borehole must be located up the hydraulic gradient from the three recharge boreholes. 
pumps have been employed to assist in providing "active" heating and cooling, using groundwater as a heat source or sink (Banks 2008) . It is only in recent years, however, that ground source heating and cooling concepts have been employed in the UK:
among the earliest British installations (circa 1996-97) was a heating system at the Hebburn Eco-Centre, Tyneside, based on groundwater abstraction from a single borehole and rejection of thermally spent groundwater to the Tyne estuary (Banks 2008) . A "well doublet" passive cooling system (a "well doublet" comprising abstraction of water from one borehole and reinjection of warm waste water to a second down-gradient borehole) was commissioned in 1999 (Todd 2008) . This rapid rise in popularity of ground source heating and cooling in the UK (current assessments of the rate of annual growth and demand for such systems are typically in the tens of percent (Younger 2007) ) can principally be attributed to the substantial reduction in carbon emissions, compared to conventional heating and cooling systems, which can be achieved. Recent regulatory initiatives, e.g. the requirement for at least 10% of energy to be from renewable sources for large developments in
London and other local authorities, have also contributed to their increased popularity.
Despite the common belief that groundwater-based well doublet systems are sustainable, the heat (or cooling) capacity of aquifers is finite and therefore needs careful management to ensure the efficiency and sustainability of the systems (Younger 2006; Banks 2007 Banks , 2009 ). Particularly in densely-populated urban areas, reinjection wells are increasingly being situated in close proximity to the abstraction well(s), leading to the risk of 'thermal feedback' and subsequent system failure.
Numerical modelling can be a useful tool to investigate the feasibility of ground source heating and cooling schemes and to predict the expected lifetime of such systems. This paper describes the application of the reactive transport model SHEMAT (Simulator for HEat and MAss Transport) to determine the feasibility of a groundwater based cooling scheme to remove heat generated by a UK laboratory. The proposed scheme involves the use of groundwater to feed a heat exchanger cooling system with discharge back to the groundwater system. Initial calibration against measured groundwater levels in the vicinity of the site was followed by predictive modelling. A series of model simulations have been undertaken to establish the optimum configuration of the abstraction and re-injection boreholes in order to minimise the effects on the aquifer and maximise the 'thermal breakthrough' time, i.e.
the time taken for the 'cooled' water to reach the abstraction well.
Geological and hydrogeological setting
The Science and Technology Facilities Council (STFC) Daresbury Laboratory in Cheshire, UK ( Fig. 1) , lies on the Wilmslow Sandstone Formation which is part of a major aquifer, the Triassic age Sherwood Sandstone Group. The Sherwood Sandstone is subdivided into four formations in the Cheshire Basin, each of which is laterally persistent and characterised by different hydraulic properties (Allen et al. 1997) . The Wilmslow Sandstone Formation is generally the thickest unit in the region and is overlain in the southern part of the study area by the Helsby Sandstone Formation (Fig. 2) .
The Sherwood Sandstone, which has a thickness of over 1000m in parts of the Cheshire Basin, supports several important public water supply boreholes in the area, the nearest of which is the United Utilities Daresbury Pumping Station (marked on number of faults lie in the study area ( Fig. 2) and their presence has previously been shown to locally affect the hydraulic conductivity of the Sherwood Sandstone in northwest England, acting as barriers to groundwater flow (Seymour et al. 2006; Tellam 2004) . Analysis of groundwater levels in Environment Agency observation boreholes revealed a change in water level across two faults in close proximity to the site (see Fig. 2 ), suggesting that these faults act as barriers to flow. They were therefore chosen to form the east and west boundaries to the conceptual model. (Allen et al. 1997 ).
The site is bounded on the west by the Bridgewater Canal, from which water is currently abstracted to feed the heat exchanger cooling system. The use of this water has two principal disadvantages, the first being the high costs associated with the system and the second being the problem of naturally warm water within the canal in summer. The proposed groundwater based cooling scheme, simulated in this study, could potentially alleviate these problems.
Overview of SHEMAT
SHEMAT ( Groundwater flow is simulated in SHEMAT by solving the partial differential equation governing the non-steady state three-dimensional flow of groundwater (Fetter 2001 ) which may be expressed (for a confined aquifer) as:
where x, y, z are space coordinates, h is hydraulic head, K is hydraulic conductivity, S is storage coefficient and Q is a source / sink term.
Heat transport within SHEMAT takes place by convection and conduction according to the following equation (de Marsily 1986):
where x, y, z are space coordinates, T is temperature, λ is effective thermal conductivity, ρ is density (of fluid (f) and matrix (m)), c is specific heat capacity (of fluid (f) and matrix (m)), v is specific discharge, ф is porosity and H is a source / sink term. It should be noted that this equation ( 
Application of SHEMAT

Conceptual model
The model domain covers an area 2.8km by 1.5km, stretching from Daresbury village in the south to the Manchester Ship Canal in the north, as shown in It is assumed that the model is homogeneous and isotropic and that heat conduction does not take place between adjacent strata (either overlying or underlying). The hydraulic properties used as input parameters to the model are given in Table 1 . They are based on data obtained from the Environment Agency and Allen et al. (1997) .
Porosity was set at 15% while intrinsic permeability (required as an input to SHEMAT as opposed to the more familiar hydraulic conductivity term) was adjusted during the steady state calibration in order to achieve the measured groundwater levels. Thermal properties were based on data provided by a British Geological Survey Georeport, with a volumetric heat capacity for the Sherwood Sandstone of 2.23 MJ/m 3 /K and a thermal conductivity of 3.03 W/m/K used as model input parameters. These were assumed to represent the saturated aquifer material. An initial constant temperature of 10°C was assumed across the entire model domain.
A potential limitation in the conceptual model lies in the fact that it does not take into account fracture flow through the aquifer. The presence of nearby faulting suggests the possibility of increased fracturing of the Sherwood Sandstone in the area and indeed the presence of fracture flow within the Sherwood Sandstone has previously been identified (Tellam and Barker 2006) . However, in most cases, fracture flow has not been considered the dominant flow due to relatively high intergranular permeabilities. Although fracture flow can become dominant locally (within tens of metres) around abstraction wells (Tellam and Barker 2006; Allen et al. 1997) , it is considered that the extent of any fractures present will be limited and therefore direct connection between abstraction and recharge boreholes located some 350 -400m apart is unlikely.
Calibration was initially carried out under steady state conditions in order to reproduce the observed groundwater levels, measured in two Environment Agency observation boreholes located within the model domain (marked as Daresbury EA and
Moore Station on Fig. 3 ). The parameters varied in order to achieve a successful calibration were intrinsic permeability and the flux across the southern boundary. A permeability of 5x10 -12 m 2 (which corresponds to a hydraulic conductivity of 3.24m/day which is within the range given by Allen et al. (1997) for the Sherwood Sandstone) and a flux of 4x10 -7 m/s were found to produce the best calibration. The calibrated steady state groundwater levels were then used as initial heads in a transient calibration in which rock compressibility was varied to achieve a successful calibration. A value of 1x10 -7
Pa -1 was found to be sufficient, which corresponds to a storativity of 0.001.
A number of monitoring points were included in the model, as shown in Fig. 3 , to establish the predicted effect of the thermal plume on the surrounding area. Perhaps the most important of these is the location of the public water supply borehole at Daresbury, which is approximately 1km from the site's southern boundary.
Monitoring points were also included at the two Environment Agency groundwater monitoring boreholes (Moore Station, 800m north of the site, and Daresbury EA, close to the southern boundary of the site). In addition, monitoring points were placed on the northern, western, eastern and southern boundaries of the site, and at the village of Keckwick, some 550m to the north west of the site. These latter monitoring points do not represent locations of actual boreholes, they were simply added to the model to monitor the extent of the thermal plume with, in particular, the monitoring points located around the boundaries of the site providing an insight into the migration of the plume beyond the confines of the site.
Model scenarios
A series of simulations have been undertaken to determine the optimum configuration of the abstraction and recharge boreholes in order to minimise the effects on the aquifer and prolong the thermal breakthrough time at the abstraction borehole. The model input parameters for the three borehole configurations described here are given in Table 2 .
Configuration A represents the 'optimum' configuration consisting of one abstraction borehole and three injection boreholes, each discharging at a rate which corresponds to one third of the total abstraction rate (48 l/s). The abstraction borehole is located up the hydraulic gradient from the three injection boreholes in order to maximise the thermal breakthrough time at the abstraction borehole. A constant re-injection temperature of 25°C has been assumed, which is some 15°C higher than the initial abstraction temperature.
Configuration B similarly consists of a single abstraction borehole and three injection boreholes, with the same pumping and discharge rates as those in Configuration A.
The abstraction borehole, in this case, is located down the hydraulic gradient from the three injection boreholes in an attempt to capture the 'heat' discharged into the aquifer before it migrates beyond the site boundaries. Again, an initial abstraction temperature of 10°C has been assumed and a constant re-injection temperature of 25°C.
Configuration C combines the approaches of the previous two borehole configurations and utilises two abstraction boreholes and three injection boreholes. The first abstraction borehole is located down the hydraulic gradient from the three injection boreholes with the purpose of capturing the heat plume (as in Configuration B). The second abstraction borehole provides the water for the cooling plant and is located up the hydraulic gradient from the injection boreholes (as in Configuration A) to prolong thermal breakthrough at this borehole. An abstraction rate of 48 l/s is applied to both abstraction boreholes while each re-injection borehole discharges at a rate equivalent to one third of the combined abstraction rate, i.e. 32 l/s. In keeping with the previous two scenarios, the model assumes an initial groundwater temperature of 10°C and a constant re-injection temperature of 25°C, giving a temperature difference of 15°C.
It should be pointed out here that, by assuming a constant re-injection temperature, the temperature difference between the abstracted and recharged water will progressively decrease once thermal breakthrough occurs at the abstraction borehole, thereby reducing the cooling capacity of the system. In reality, the re-injection temperature will likely vary in response to demand and if the temperature difference is kept constant (to provide the same cooling capacity) then the re-injection temperature will gradually increase as the temperature of the abstracted water increases following thermal breakthrough. If this were the case then thermal equilibrium would theoretically never be reached since, once thermal breakthrough occurs, the re-injection temperature will always increase. Although this would provide a constant cooling capacity, the system would eventually become inefficient once a certain temperature is reached at the abstraction borehole. However, it is unlikely that the re-injection temperature would be allowed to increase to such an extent and in order to examine this scenario in more detail further modelling would be required to take account of a detailed breakdown of the required cooling load. In the following model predictions, therefore, a constant re-injection temperature is assumed.
Model predictions
The modelled temperature contours across the STFC Daresbury Laboratory site after a 50 year simulation of Configuration A are shown in Fig. 4 . It is clear that the thermal plume is migrating in a northwesterly direction, consistent with groundwater flow, and after a period of 50 years is predicted to have migrated beyond the site boundaries. The extent of the plume is shown in Fig. 5 , with a predicted 2°C increase in groundwater temperature at a distance of 400m downstream. Although some heat has migrated to the south of the site (with a 12°C increase in groundwater temperature at the Daresbury EA monitoring point just beyond the southern boundary), no effect is seen at the public water supply pumping station (Table 3 ). In terms of thermal breakthrough at the abstraction borehole, it can be seen from Fig. 6 that the temperature at the abstraction borehole remains constant for a period of 6 years before thermal breakthrough occurs and a gradual rise in temperature is then predicted until thermal equilibrium is reached after approximately 35 years. The temperature at thermal equilibrium is some 7.5°C greater than the initial abstraction temperature.
The predicted temperature contours across the STFC Daresbury Laboratory site after a 50-year simulation of Configuration B are shown in Fig. 7 . It is apparent that, even after a period of 50 years, the thermal plume is almost maintained on site since the abstraction borehole, located down gradient from the three injection boreholes, is capturing much of the heat. The extent of the plume can be seen more clearly in Fig.   8 , with a slight migration to the south of the site, as shown by a groundwater temperature increase of 4.5°C at the Daresbury EA monitoring point (Table 3) compared to 12°C for the simulation of Configuration A. The most significant difference between the two simulations can be seen at the northern boundary monitoring point where no change in groundwater temperature is observed for
Configuration B compared to an increase of 15°C for Configuration A. However, despite the capture of the plume within the site, it can be seen from Fig. 9 that thermal breakthrough is observed at the abstraction borehole significantly faster than it is for Configuration A, with groundwater temperature beginning to increase after only 6 months of the simulation, compared to 6 years for Configuration A. A sharp rise in temperature then ensues with thermal equilibrium reached after approximately 15 years with the temperature at this time some 13°C higher than the initial abstraction temperature. Such a rise in temperature at the abstraction borehole would limit the efficiency of the system and significantly reduce its potential lifespan.
The modelled temperature contours across the site after 50 years and the heat plume extent for Configuration C are very similar to those for Configuration A and are therefore not shown here. The heat plume migrates in a northwesterly direction with a predicted 2°C increase in groundwater temperature at a distance of 400m downstream. A slightly smaller migration is seen to the south of the site, with only a 6°C increase in groundwater temperature observed at the Daresbury EA monitoring point close to the southern boundary, compared to a 12°C increase for Configuration A. The plume also extends slightly further to the east with a groundwater temperature increase of 12°C seen at the eastern boundary compared to only slight rises observed in both Configurations A and B (Table 3) . Therefore, an attempt to capture the heat injected into the aquifer in one abstraction borehole, while pumping for cooling purposes from a second borehole, fails to prevent plume migration. This is probably induced by the increase in recharge rate from using two abstraction boreholes and thereby raising the groundwater level to such an extent that the 'capture' abstraction borehole (located down the hydraulic gradient from the injection boreholes) is not able to capture all the heat. Thermal breakthrough at the second abstraction borehole, that used for cooling purposes (located up the hydraulic gradient from the injection boreholes), however, occurs after 9 years ( Fig. 10) which is slightly longer than that for Configuration A. The subsequent rise in temperature is also more gradual than for the other two configurations with the result that thermal equilibrium is not reached until approximately 45 years. The temperature at thermal equilibrium is the same as that for Configuration A, 7.5°C higher than the initial abstraction temperature but with the slightly longer thermal breakthrough time this configuration marginally increases the potential lifetime of the scheme.
In addition to the simulations described above, a number of sensitivity analyses have been carried out on the three borehole configurations to determine the effects of variations in pumping rate and re-injection temperature on thermal breakthrough time and heat plume extent. An increase in pumping rate results in a shorter thermal breakthrough time (approximately half the time for a doubled pumping rate) and a higher temperature increase at thermal equilibrium but a correspondingly higher cooling capacity due to the increased pumping rate. The effect on heat plume extent is minimal however. Similarly, an increase in constant re-injection temperature results in a shorter thermal breakthrough time (approximately 1 year for a 10°C increase in reinjection temperature) and a significantly higher temperature increase at thermal equilibrium but again a greater cooling capacity due to the increased heat removed. It is clear from these sensitivity analyses then that it is possible to optimise well doublet systems in order to prolong their lifetime by varying abstraction / recharge rates and temperature differentials.
Discussion
The SHEMAT model was used successfully to simulate the development of a thermal plume at the site of a passive groundwater-based cooling scheme in the Sherwood Sandstone. The model represented the correct order of complexity and the output was deemed accurate enough to be utilised for an initial feasibility study of the groundwater cooling concept.
The use of the SHEMAT model was not without problems, however. The input data were required to be in a form unfamiliar to many hydrogeologists and thermogeologists, due to the inter-dependent nature of many of the parameters on temperature and pressure conditions. Thus, intrinsic permeabilities, dry rock volumetric heat capacity and aquifer compressibility were required as input rather than the more familiar hydraulic conductivity, saturated volumetric heat capacity and storage parameters (Table 1) .
The model generates output as temperature contours within the aquifer. Instantaneous thermal equilibrium between aquifer matrix and groundwater is assumed, such that any point in the aquifer can be represented by a single value of temperature. The model is thus not wholly adequate to simulate aquifers where a fracture or karst flow component is dominant, where groundwater fluxes are non-penetrative and rapid and where instantaneous thermal equilibrium cannot automatically be assumed.
The temperature contours resulting from the Daresbury modelling appear to illustrate the shape of a groundwater thermal plume with diffuse edges; in other words, there is an apparent dispersion mechanism operating in the model. The details of any contours and the exact timing of breakthrough should, however, be treated with considerable caution for the following reasons:
(i) the only "real" dispersive mechanism simulated by SHEMAT is thermal diffusion (i.e. heat conduction).
(ii) hydrodynamic dispersion is not explicitly simulated by SHEMAT (iii) the model can be shown to be very susceptible to numerical dispersion, to the extent that Todd (2008) has preferred the application of analytical to numerical models in the analysis of similar problems.
In other words, the temperature gradients at the edge of the thermal plume ( Such a numerical model represents an early stage in the assessment process of a major groundwater cooling scheme, such as that at Daresbury. Subsequent stages might employ more complex but rigorous coupled heat/groundwater numerical models such as HST3D (Kipp 1997) or FEFLOW (Diersch 2009 ). Three dimensional modelling might indicate whether a strategy of re-injecting and abstracting from differing horizons in the aquifer could prolong the sustainability of the system. The possible thermal expansion and ground movement effects of warming a significant "block" of aquifer material would also need to be considered.
Finally, there would clearly be a regulatory barrier to overcome with the proposed use of groundwater for passive cooling on a scale such as this. The Water Framework
Directive recognises that heat has the potential to cause pollution of the groundwater environment. The Environment Agency would need to be satisfied that the operation of the scheme led to no unacceptable adverse impacts on the environment, on other water bodies or on third party users. It is, however, instructive to speculate that the reinjection of "waste" warm water should not merely be regarded as "thermal pollution". The proposed scheme is, in effect, storing surplus heat underground. If some means could be found for using that stored heat to supply space heating to surrounding residential properties or businesses, the operators of the scheme could justifiably argue that they are creating and managing an artificial geothermal reservoir. They would, in effect, be promoting "artificial recharge" of heat.
Conclusions
The results presented here reveal the importance of location for both the abstraction borehole and the recharge borehole(s) when designing well doublet ground-source heating and cooling systems. Although it has been shown in this case to be possible to capture much of the heat that is injected into the aquifer within the boundaries of the site, by locating the abstraction borehole down gradient of the recharge borehole, the subsequent temperature increase at the abstraction borehole limits the efficiency and potential lifetime of the system. In order to prolong the thermal breakthrough time at the abstraction borehole it must be located up the hydraulic gradient from the recharge boreholes but this encourages the migration of the heat plume in a downstream direction with the possibility of impacting on other groundwater abstractions. An attempt to capture the heat injected into the aquifer in one abstraction borehole while pumping for cooling purposes from a second abstraction borehole fails to prevent the migration of the heat plume, although this borehole configuration does marginally increase the potential lifespan of the system, given a slightly longer thermal breakthrough time.
Numerical modelling is therefore an essential tool when investigating the feasibility of ground source heating and cooling schemes and predicting the expected lifetime of such systems. Sensitivity analyses on the most dependent factors (e.g. pumping rate, injection temperature) can be used to optimise schemes in order to prolong their lifetime. Clearly, a balance must be achieved between thermal breakthrough time and overall effect on the aquifer, in particular the extent to which the heat plume migrates.
These considerations are especially important in densely-populated urban areas where the use of ground source heating and cooling systems has become increasingly popular in recent years. 
